Eukaryotic ( þ )-strand RNA viruses utilize a wide variety of gene expression strategies to achieve regulated production of their viral proteins. A common mechanism used by many is to transcribe viral subgenomic (sg) mRNAs. Transcription of sg mRNA2 in tombusviruses allows for expression of the p19 suppressor of gene silencing and p22 movement proteins. We have investigated the mechanism of transcription of this sg mRNA in Tomato bushy stunt virus and have determined that this process is facilitated by no less than three different RNA modules that are located throughout the viral genome. These RNA units perform distinct tasks and function via long-distance RNA-RNA interactions. Systematic deconstruction of the RNA network and analysis of related RNA promoter elements allowed us to identify fundamental properties necessary for productive sg mRNA2 transcription. Collectively, our results (i) establish specific roles for the different RNA components of a multipartite RNA-based control system, (ii) support a premature termination mechanism for tombusvirus sg mRNA transcription and (iii) reveal a close mechanistic relationship between sg mRNA transcription, viral RNA replication and RNA recombination.
Introduction
Eukaryotic ( þ )-strand RNA viruses form the largest group of medically and agriculturally important viruses. Their singlestranded messenger-sensed RNA genomes encode an assortment of proteins involved in various aspects of virus reproduction. Many of these proteins function at specific stages during infections and accordingly require regulated expression. Viruses that contain polycistronic RNA genomes regulate their gene expression primarily at the transcriptional level. They do so by transcribing genome-derived subgenomic (sg) mRNAs that act as messages for the translation of viral proteins encoded either internally or 3 0 -proximally in their genomes (Miller and Koev, 2000) . This strategy allows for the expression of downstream open reading frames (ORFs) that are normally translationally silent within a polycistronic context and is a mechanism utilized by a variety of ( þ )-strand RNA viruses (Miller and Koev, 2000) .
Positive-strand RNA viruses replicate their genomes via a (À)-strand RNA intermediate using their virally encoded RNA-dependent RNA polymerases (vRdRps) (Buck, 1996) ( Figure 1A ). Sg mRNA synthesis is also carried out by vRdRps in a process referred to as transcription. Most sg mRNAs have 5 0 termini that map to internal genomic regions and 3 0 ends that are coterminal with the genome ( Figure 1A ). Three basic models have been proposed for sg mRNA transcription and two of these, internal initiation (Miller et al, 1985) and discontinuous template synthesis (DTS) (Sawicki and Sawicki, 1998) , have been established convincingly (Miller et al, 1985; van Marle et al, 1999; Pasternak et al, 2001 ). The third model, premature termination (PT), is less well supported by experimental data, but has been implicated in a number of diverse virus groups (Zhong and Rueckert, 1993; Sit et al, 1998; Zhang et al, 1999; Price et al, 2000; Gowda et al, 2001) .
In the PT model, a vRdRp terminates internally during (À)-strand RNA synthesis on a genome template ( Figure 1A ). This leads to the generation of a smaller (À)-strand RNA that is complementary to the sg mRNA. This sg mRNA-sized (À)-strand (hereafter termed sg mRNA(À)) is then used as a template for transcription of the sg mRNA (White, 2002) ( Figure 1A ). The 'primary' sg mRNAs produced by this mechanism could potentially be amplified further via replication (White, 2002) . Different types of RNA-RNA interactions involving sequences located just upstream of sg mRNA start sites have been identified in viral genomes in which the PT model is proposed to operate (Sit et al, 1998; Choi et al, 2001; Gowda et al, 2001; Choi and White, 2002) . In some cases, these RNA interactions were found to be essential for efficient sg mRNA transcription and, as proposed originally for Red clover necrotic mosaic virus (RCNMV) (Sit et al, 1998) , could potentially act as roadblocks to mediate the vRdRp stalling/ dissociation that generates the sg mRNA(À) templates (Zhang et al, 1999; Choi et al, 2001; Choi and White, 2002; Lindenbach et al, 2002) .
The PT mechanism has been proposed to function in the transcription of two sg mRNAs in the ( þ )-strand RNA tombusvirus, Tomato bushy stunt virus (White, 2002) . This virus encodes five proteins (Hearne et al, 1990) that are involved in viral RNA synthesis (p92, a vRdRp, and p33, an essential accessory protein) (Oster et al, 1998) , particle assembly (p41, the capsid protein) (Hillman et al, 1989) , cell-to-cell movement (p22) (Scholthof et al, 1995) and suppression of virus-induced gene silencing (p19) (Voinnet et al, 1999; Ye et al, 2003) ( Figure 1B ). P33 and p92 are translated directly from the genome, while the 3 0 -proximal ORFs are translated from either sg mRNA1 (p41) or 2 (p19 and p22) ( Figure 1B ).
Several observations suggest that TBSV sg mRNAs are transcribed via a PT mechanism (Zhang et al, 1999; Choi et al, 2001; Choi and White, 2002) . (i) In TBSV infections, both sg mRNA ( þ )-and (À)-strands are detectable in total RNA extracts from infected cells. (ii) The formation of two different sets of long-distance RNA-RNA interactions, AS1/ RS1 and DE/CE, involving sequences just 5 0 to the two sg mRNA start sites, is required for efficient transcription of sg mRNA1 and 2, respectively ( Figure 1B ). (iii) These interactions function in the ( þ )-strand of the genome, consistent with their proposed functions as RNA-based terminators of the vRdRp during (À)-strand synthesis. (iv) Substitution of the initiating nucleotides for sg mRNA1 or 2 transcription results in inhibition of sg mRNA accumulation but not of corresponding sg mRNA(À) templates, in agreement with a PT model where the sg mRNA(À) templates are generated prior to, and independently of, their sg mRNA counterparts. (v) The autonomous synthesis of sg mRNA1(À) (as described in (iv)) is dependent on the AS1/RS1 interaction, indicating that this interaction is involved specifically in the generation of sg mRNA1(À) templates.
The previously characterized AS1 RNA element is required for efficient sg mRNA1 transcription and maps to the terminal loop of a predicted stem-loop structure (Choi and White, 2002) (Figure 2 ). Its base-pairing partner RS1 is positioned just three nucleotides (nt) 5 0 to the sg mRNA1 start site and is directly adjacent to a conserved stem-loop structure, SL1sg1. In contrast, the previously identified DE-A/CE-A interaction that is necessary for efficient sg mRNA2 transcription occurs some 11 nt away from the start site for sg mRNA2 (Zhang et al, 1999) (Figure 2 ). This difference in spatial arrangement (11 versus 3 intervening nucleotides) led us to propose that sg mRNA2 transcription requires a third RNA element that base pairs within the 11 nt segment, designated CE-C, in a manner similar to the AS1/RS1 interaction (Choi and White, 2002) (Figure 2) . Positionally, the sequence between RS1 and DE-A, termed DE-C, represented a good candidate (Figure 2 ). However, in TBSV, this sequence exhibits no significant complementarity to CE-C. Furthermore, DE-Cs are highly variable in different tombusviruses, but in all cases they are not complementary to their corresponding CE-Cs (Choi et al, 2001) . Consequently, we hypothesized that this sequence maintains noncomplementarity in order to allow the missing RNA element unfettered access to CE-C.
In the present study, we have identified the missing RNA element involved in sg mRNA2 transcription and have investigated its role within a complex multipartite RNA regulatory system. Our results provide important new evidence that a PT model of transcription operates in TBSV and suggest that this process shares mechanistic properties with the DTS model for transcription, viral genome replication, and RNA recombination.
Results

A third RNA element is required for activation of sg mRNA2 transcription
The notably different spacing of the AS1/RS1 and DE-A/CE-A interactions relative to their respective sg mRNA start sites led to the proposal that an additional interaction was involved in sg mRNA2 transcription (Choi and White, 2002) (Figure 2) . A search of the TBSV genome revealed a candidate sequence, designated AS2, that was complementary to a subsection of CE-C, defined as RS2 (Figure 2 ). Interestingly, The AS2/RS2 interaction (red), identified in this report, is critical for efficient transcription of sg mRNA2. Stem-loop structures containing AS1 and AS2 are connected by an 11 nt long sequence (gray bar). DE-C (gold) and CE-C (maroon and underlined) are noncomplementary elements defined previously. The AS1/RS1 interaction (green) is critical for efficient transcription of sg mRNA1. Initiation sites for the two sg mRNAs are highlighted in black and indicated by small arrows.
AS2 was located in the p92-coding region just upstream from AS1 and, similar to AS1, was situated in the terminal loop of a predicted stem-loop structure. The DE-A/CE-A interaction shown previously to be essential for efficient sg mRNA2 transcription (Zhang et al, 1999) was also of relevance, since it positions AS2 and RS2 in close proximity (Figure 2) .
The proposed AS2/RS2 interaction would generate a 6-bplong segment that is predicted to contain two non-Watson/ Crick base pairs, GU and GA (Figure 2 ). The inclusion of the GA base pair in the interaction is based on the finding that, next to GU base pairs, sheared GA base pairs are the most common non-Watson/Crick pairs in known RNA structures (Nagaswamy et al, 2002) . Also, sequence analysis of different tombusvirus genomes revealed a monovariation that maintains the predicted base pair (i.e. GA to GC) (unpublished data).
To test whether the proposed interaction was important for sg mRNA2 transcription, we carried out compensatory mutational analysis on the complementary sequences. Modifications that would disrupt and then restore AS2/RS2 base pairing were introduced into the TBSV genome and their effect on sg mRNA2 accumulation was assayed in protoplast infections and quantified by Northern blot analysis ( Figure  3A and B). Substitutions in either AS2 (at degenerate codon positions) or RS2 that decreased their complementarity led to notably reduced sg mRNA2 levels (to B5 and 0%, respectively, relative to T100), while restoration of base pairing by combining the two substitutions resulted in partial recovery (B33%) ( Figure 3B ). The relative levels of accumulation of sg mRNA2(À) strands also corresponded closely with those of their ( þ )-strand counterparts ( Figure 3B ). The reduced level of sg mRNA2 recovery observed for mutant A/RS2m1 could have been due to (i) a weaker AS2/RS2 interaction, (ii) the terminal loop modifications interfering with presentation of the AS2 residues and/or (iii) the substitutions causing either AS2 or RS2 to interact unproductively with other RNA sequences. Regardless, the six-fold or greater increase in the activity of A/RS2m1 over either AS2m1 or RS2m1 supports the importance of the AS2/RS2 interaction for sg mRNA2 transcription.
The presence of a naturally occurring UG base pair in the AS2/RS2 interaction is consistent with it functioning in the ( þ )-strand, as these residues correspond to a disruptive AC mismatch in the (À)-strand ( Figure 3C ). Although this inference is reasonable, additional evidence was sought to reinforce the concept. Changing the UG pair to either UA or CG did not notably affect sg mRNA2 accumulation, whereas a CA substitution, which corresponds to a GU base pair in the (À)-strand, nearly abolished accumulation ( Figure 3C and D). Since the two substitutions in A/RS2m2A were tolerated well when present individually in RS2mA and AS2m2 ( Figure  3C and D), these results are best explained by the CA mismatch disrupting the AS2/RS2 interaction in the ( þ )-strand. These results, in turn, support the proposal that this helix functions in the ( þ )-strand.
The AS2/RS2 interaction is distinct from the AS1/RS1 interaction in that the former is composed of different nucleotides and is positioned two residues further away from the transcriptional initiation site (Figure 2 ). To determine if the length and/or relative position of the interaction was relevant to sg mRNA2 transcription, we extended the complementary segment in AS2/RS2 to 8 bp by making appropriate substitutions in RS2 ( Figure 3C ). Interestingly, these substitutions did not lead to any notable increase in sg mRNA2 levels ( Figure 3E ), underscoring the effectiveness of the shorter wild type (wt) interaction.
DE-C can be engineered to competitively inhibit AS2 binding and can functionally substitute for AS2
We hypothesized previously that DE-C plays a passive role in sg mRNA2 transcription by not base pairing with CE-C (Choi et al, 2001 ). This would leave CE-C free to interact with its authentic pairing partner, now identified as AS2. If correct, this hypothesis predicts that modifying DE-C to be complementary to the RS2 portion of CE-C should competitively inhibit AS2 binding and, in turn, lead to downregulation of sg mRNA2 transcription. To test this idea, the 3 0 portion of DE-C was substituted with different nucleotides that were either noncomplementary or complementary to RS2 ( Figure 4A ). PY2, containing the noncomplementary sequence, was still fully functional for sg mRNA2 transcription (B104%) in comparison to its genomic control Psg20/26 (a modified TBSV genome containing an engineered restriction enzyme site). Unexpectedly, PY9, containing the complementary sequence, was also fully functional (B126%) ( Figure 4A ). This latter result could have been due to either AS2 maintaining its ability to bind to RS2 or the complementary segment in DE-C functionally replacing AS2. To distinguish between these two Following denaturation with glyoxal, total RNA extracts were separated in 1.4% agarose gels, transferred to a nylon membrane and hybridized with 32 P-labeled viral strandspecific probes. Note that, although the ( þ )-and (À)-strands are presented with similar intensities, (À)-strand viral RNAs actually accumulate in vivo to significantly lower levels than ( þ )-strands. The values correspond to means from three independent experiments and represent the ratios of sg mRNA2 levels to their corresponding genomic RNA levels, all normalized to that for T100.
possibilities, an additional modification was introduced into both PY2 and PY9 that inactivated AS2 ( Figure 4A ). Analysis of the double mutants, PY2-AS2m1 and PY9-AS2m1, respectively, revealed that PY2-AS2m1 was still AS2-dependent, whereas PY9-AS2m1 was not ( Figure 4A ). Thus, DE-C can be modified to act as a competitive inhibitor of AS2 and can, concurrently, functionally replace AS2. Compensatory mutational analysis of the engineered DE-C/RS2 interaction confirmed its role in mediating sg mRNA2 transcription ( Figure 4B ).
A local RNA hairpin structure can functionally replace the AS2/RS2 interaction The surprising result that the AS2/RS2 interaction was dispensable for sg mRNA2 transcription prompted us to wonder whether a more radical structural replacement would also be functional. To investigate this possibility, we introduced different-sized RNA hairpins 3 nt upstream of the sg mRNA2 start site in a genomic context that had AS2 inactivated by substitutions ( Figure 5A ). The modified genome context used, Psg2-27, also had CE-A and -B deleted; thus any transcriptional activity detected would be independent of the DE/CE interactions formed by these subelements (refer to Figure 2 ). No detectable sg mRNA2 was observed for the genome containing the 4 bp stem (HL56); however, those with longer stems of 8 (Lsg2), 12 (HL45) and 16 bp (HL87) directed increasing levels of sg mRNA2 accumulation, underscoring the importance of helix length and/or stability ( Figure 5A ). The critical role of stem formation was confirmed through compensatory mutational analysis of the 8 bp hairpin ( Figure 5B ), while an important role for helix stability was supported by the increased activity observed when the 12 bp hairpin was converted to all GC base pairs in mutant HL78 ( Figure 5A ). The identity of the residues in the helix did not appear to be essential since HL57, with the lower 8 bp in its stem transposed, exhibited only moderately reduced levels of sg mRNA2 accumulation, compared with HL45 ( Figure 5A ). Strand-preferential destabilization of the helix in HL78 revealed that, similar to the wt AS2/RS2 interaction, it was far more sensitive to ( þ )-than to (À)-strand disruption, supporting a ( þ )-strand function ( Figure 5C ). Relevant sequences of modified viral genomes and corresponding relative levels of ( þ )-and/or (À)-strand sg mRNA2 accumulation in protoplasts. The values were calculated as described in the legend to Figure 3 , except that all were normalized to that for Psg20/26 on PY9-AS2m1. Figure 5 Effect of hairpin size, stability, and polarity of sg mRNA2 transcription. (A-C) Depiction of hairpin sequences introduced into modified viral genomes and corresponding levels of ( þ )-and/or (À)-strand sg mRNA2 accumulation in protoplasts. The boxed nucleotides in (A) are substitutions. Free energy changes (DG, at 371) for formation of each RNA structure are indicated in kcal/mol (calculated using mfold 3.0). The values in (A) were normalized to that for T100, whereas those in (B, C) were normalized to those for Lsg2 and HL78, respectively. maintaining these wt long-distance interactions could be related to transcriptional regulation, either temporal or quantitative. Earlier studies have already ruled out any major role for the proteins encoded by the sg mRNAs in transcriptional control (Zhang et al, 1999) .
To investigate whether the wt long-distance interactions conferred any distinct type of transcriptional regulation, we compared the viral RNA accumulation profiles for the wt T100 genome with PY9-AS2m1 (in which the wt AS2/RS2 interaction was replaced with DE-C/RS2), Psg20/26 (the modified genome used to generate PY9-AS2m1, that is, the control for PY9-AS2m1), HL78 (in which both wt DE/CE and AS2/RS2 interactions were replaced with a 12 bp hairpin) and Psg2-27 (the modified genome used to generate HL78, that is, the control for HL78) (Figure 6 ). In wt T100, sg mRNA2 accumulated to detectable levels before sg mRNA1 and the appearance of sg mRNA2 coincided with that of the genome (Figure 6 ). The early (2-11 h) accumulation rates of genomic and sg mRNAs for T100, Psg20/26 and PY9-AS2m1 were very similar; however, viral RNA levels were clearly higher at later time points (15-24 h) for PY9-AS2m1 (Figure 6 ). For HL78, a lower relative level of sg mRNA2 was evident and the initial appearance of all viral RNAs was delayed by B2 h (Figure 6 ). This delay was not related to its Psg2-27-based genomic context, since the timing of early accumulation of genomic and sg mRNA1 for Psg2-27 was similar to that for T100 ( Figure 6 ). The very low levels of sg mRNA2 for Psg2-27 is expected due to the absence of the critical CE-A and important CE-B subelements in this modified genome (Zhang et al, 1999) . Overall, this time-course analysis suggests that (i) the engineered DE-C/RS2 interaction functions similarly to the wt AS2/RS2 interaction at early time points, but causes increased accumulation of all viral RNAs later in the infection, and (ii) genomes containing the engineered 12 bp hairpin show delayed accumulation of all viral RNAs and a lower relative level of sg mRNA2; however, sg mRNA2 still appears earlier than sg mRNA1.
An engineered hairpin-based element is able to function in a different viral context
We employed a TBSV defective interfering (DI) RNA as a surrogate genome to investigate whether sequence context was important to the activity of hairpin-based elements ( Figure 1C) . DI RNAs are noncoding deletion mutants of the TBSV genome that are efficiently amplified when p33 and p92 are provided in trans (e.g. in coinfections with T100) (White, 1996) . These molecules have served as excellent model replicons for studying genome replication in a context that is independent of translation (White and Nagy, 2004) .
A prototypical TBSV DI RNA, such as DI-72, contains four noncontiguous regions of the viral genome termed regions I-IV ( Figure 1C) . Interestingly, RNA B, a 5 0 -truncated derivative of DI-72 lacking region I, is still able to replicate at low levels (B10% that of DI-72) in coinoculations with the wt TBSV genome . Structurally, the 5 0 end of RNA B corresponds to an internal region of DI-72, whereas its 3 0 end is coterminal with DI-72 ( Figure 7A ). This basic structural correspondence is analogous to that of a sg mRNA relative to its cognate viral genome. However, in contrast to sg mRNAs, RNA B is not detectable in coinfections of DI-72 and TBSV genome ( Figure 7B, lane 3) ; thus, RNA B is not normally produced during DI-72 replication. To test whether RNA B could be 'launched' from a DI RNA molecule in a manner comparable to sg mRNA transcription, the active hairpin-based cassette from Lsg2 ( Figure 5A ) was inserted between regions I and II in DI-72, thereby generating HL65 ( Figure 7A ). As a control, another DI 72-based molecule was constructed, HL69, which contained an unstructured sequence of similar length inserted at the same position. RNA B was not detected when HL69 was coinoculated with T100; however, it was clearly present in coinoculations with HL65 ( Figure 7B ). The importance of the small helix for the production of RNA B was confirmed by compensatory mutational analysis ( Figure 7A and B) . This ability of the 8 bp hairpin cassette to mediate RNA B production from a DI RNA suggests that this cassette contains all of the structural properties required for local context-independent activity. Additionally, we have found that substitution of the initiating nucleotide in this cassette leads to cessation of ( þ )-but not (À)-strand RNA B synthesis (unpublished data), which is consistent with the concept that the hairpin structure specifically mediates production of (À)-strand templates.
Downregulation of a naturally occurring RNA hairpintype transcriptional element by helix destabilization
The apparent simplicity and context independence of the hairpin cassette led us to question whether other similar, and possibly functional, elements were present in the viral genome. Analysis of the TBSV genomic sequence led to the identification of a sequence in the 5 0 UTR that forms a structure that very closely resembles that of our functional hairpin cassette (compare HL65 in Figure 7A with the expanded region of DI-72 in Figure 7C ). Since the 5 0 UTR of the genome is also involved in translational regulation (Fabian and White, 2004) , we chose to investigate this sequence in the context of a nontranslated DI RNA, DI-72 ( Figure 7C) . Interestingly, previous analysis of the SL5 Figure 6 Accumulation profile of TBSV viral RNAs over time in infected protoplasts. Total RNA preparations were isolated at various times (in hours) postinfection (p.i.), as indicated above the lanes, and analyzed by Northern blotting. The positions of genomic and sg mRNAs are indicated to the left, while the genomes used in the infections are listed to the right. structure in a DI-72 context revealed that strengthening the UG base pair at the bottom of its stem via substitution results in the accumulation of an additional small viral RNA, which was not characterized (Ray et al, 2003) . Considering its structural similarity to our functional hairpin element, we wondered whether the stabilizing substitutions were causing it to become 'transcriptionally' active. To investigate this possibility, we characterized the smaller viral RNA generated. Northern blot analysis revealed that this additional RNA, termed RNA-SL5, was clearly larger than the previously characterized RNA B and contained the 3 0 -terminal end of the DI RNA and sequences just downstream, but not upstream, of SL5 ( Figure 7D ). Primer-extension analysis mapped the 5 0 terminus of RNA-SL5 to position G 111 , which is the predicted initiation site if the SL5 element was functioning analogously to our transcriptional hairpin cassettes ( Figure 7E ). These results suggest that at least one cryptic transcriptional element is present within the TBSV genome and that its activity is downregulated by helix destabilization, probably to avoid production of unnecessary and possibly deleterious viral RNAs.
The 5
0 terminus of sg mRNA2 can function as a ( þ )-strand promoter for viral RNA replication In the framework of a PT model, the stalling of the vRdRp by the AS2/RS2 helix should produce a sg mRNA2(À) template containing the initiation site for sg mRNA2 transcription. Indeed, cloning and sequencing of the 3 0 ends of sg mRNA2(À) templates by oligonucleotide-anchored RT-PCR revealed that all templates included the cytidylate corresponding to the initiating guanylate in sg mRNA2, and some contained an extra 3 0 -terminal adenylate corresponding to a uridylate in the genomic sequence ( Figure 8A , T100). When this uridylate in the genome was substituted with an adenylate, thereby creating HL-UP5, one of the 10 sg mRNA2(À) analyzed contained a corresponding uridylate ( Figure 8A ). These results suggest that (À)-strand templates containing the extra 3 0 -terminal nucleotides were derived from the genomic template.
The PT model also predicts that the 3 0 end of the (À)-strand generated acts as promoter for sg mRNA transcription. Consistent with this notion, the 5 0 terminus of sg mRNA2 is similar in sequence to the 5 0 terminus of the viral genome, which is also the 5 0 terminus of DI-72 (compare HL47 with DI-72 in Figure 8B ). The complement of the 5 0 -terminal 11 nt in DI-72 corresponds to the core genomic ( þ )-strand promoter, cPR (Panavas et al, 2002) ; thus the similarity observed between the 5 0 -terminal genomic and sg mRNA sequences suggests that the complement of this sg mRNA segment may also function as a ( þ )-strand promoter.
To test this idea, we replaced the 5 0 -terminal 11 nt of the DI RNA with the corresponding 5 0 -terminal sequence of sg mRNA2 or a random sequence, thereby generating HL47 and HL49, respectively ( Figure 8B ). HL47 was able to replicate and accumulate to wt DI RNA levels, whereas HL49 did not accumulate to detectable levels ( Figure 8C ). Collectively, these results demonstrate that the 3 0 termini of sg mRNA2(À) templates contain the initiating site for sg mRNA transcription and that this terminal sequence possesses promoter activity that is capable of mediating efficient ( þ )-strand viral RNA synthesis.
The inhibitory effect of a 5
0 -terminal sequence extension on viral RNA replication is attenuated by an insertion of an RNA hairpin-based element The functional equivalence of ( þ )-strand RNA synthesis in viral sg mRNA transcription and DI RNA replication suggested that these two discrete processes could share additional properties. Specifically, we wondered whether repositioning the ( þ )-strand promoter for replication internally in an RNA template would be inhibitory to its activity and, if so, could the defect be rescued by insertion of an active hairpin-based cassette. As before, these studies were carried out in the context of a DI RNA ( Figure 8D ). In HL84, a 164 nt long 5 0 extension was added to DI-72 and this greatly reduced its accumulation to B5% that of the wt DI-72 ( Figure  8D and E). However, when the 8 bp hairpin cassette was added just upstream of the internally located 5 0 terminus, the accumulation level of the resulting mutant, HL89, increased by B10-fold compared with that of HL84 ( Figure 8D and E). The importance of the hairpin component of the cassette for mediating efficient DI RNA accumulation was confirmed by compensatory mutagenesis (Figure 8D and E). These results indicate that a hairpin-based cassette can substantially rescue a replication defect caused by an inhibitory 5 0 -terminal extension.
Discussion
In this study, we investigated RNA elements that contribute to efficient transcription of TBSV sg mRNA2. Below we discuss our results in relation to the PT model and its apparent mechanistic parallels with genome replication, the DTS model, and RNA recombination.
The sg mRNA2 regulatory RNA network and the PT model A third RNA element, AS2, was identified and shown to functionally base pair with the RS2 subsection of CE-C. Interestingly, AS2, like AS1, is present in the terminal loop of a predicted stem-loop structure, which likely facilitates its presentation and pairing with RS2 (Figure 2) . A similarly structured stem-loop is also involved in transactivation of transcription in RCNMV (Sit et al, 1998) . In TBSV, the AS2 and AS1 stem-loops are positioned tandemly and, thus, could potentially operate as a unit. However, inactivation of either AS1 or AS2 does not appreciably affect the ability of the other to mediate transcription (Choi and White, 2002) (Figure 3) . Thus, although coupled positionally, these elements and their corresponding interactions do not appear to be coupled functionally. Also worth noting is the fact that both AS1 and AS2 reside in the p92 readthrough ORF, thus their functions would be negatively affected by translating ribosomes. Accordingly, efficient transcription may require downregulation of translation.
A surprising discovery of this investigation was that the wt AS2 sequence (and its distal positioning) was not required for transcription and could be functionally replaced by a local hairpin structure. This result raises the intriguing possibility that some viruses may normally use localized hairpin-type structures in their genomes to mediate this type of sg mRNA transcription. Our active hairpin elements were determined to function in the ( þ )-strand in a primarily identity-independent, stability-dependent manner. This is consistent with the helix acting as an RNA secondary structure-dependent terminator of (À)-strand synthesis, as proposed for the wt AS2/RS2 interaction. The sequence independence of these base-paired elements is also supported by the lack of sequence identity between the AS1/RS1 and AS2/RS2 helices (Figure 2 ) and the activation of an unrelated cryptic hairpin element (SL5) by strengthening the base of its helix.
The ability of the hairpin elements to function independently of the DE-A/CE-A and DE-B/CE-B interactions (which are essential and important respectively, for AS2/RS2 activity) suggests that these interactions play important auxiliary roles in positioning RS2 close to AS2 in the wt context, as predicted by our experimentally supported structural model (Figure 2 ). In addition, the DE-A/CE-A interaction could act to stabilize the critical AS2/RS2 helix via coaxial stacking (Figure 2 ). This concept is in line with our results showing that activity of both the wt AS2/RS2 interaction and local hairpin elements depends on helix stability. Additionally, the coaxial stacking-mediated stabilization is supported indirectly by a similar potential interaction between the AS1/ RS1 helix and that of the adjacent SL1sg1 (Figure 2) .
Our finding that the complement of the 5 0 -terminal sequence of sg mRNA2 is able to function as a ( þ )-strand promoter for DI RNA replication indicates that it could also act in a similar capacity as a transcriptional promoter in sg mRNA(À) templates to generate primary sg mRNA2 transcripts (and possibly as a replication promoter for their further amplification). Importantly, this sg mRNA2-derived promoter was able to function without any (À)-strand sequences 3 0 -proximal to it, a finding consistent with the AS2/ RS2 interaction (i) not constituting part of the transcriptional promoter in the (À)-strand and (ii) acting as an RdRp terminator in the ( þ )-strand. RNA secondary structurebased termination is also supported by the significant rescue of an internally positioned replication promoter via insertion of a hairpin-based cassette. Interestingly, poor activity from internal sites seems to be a property shared by both transcriptional and ( þ )-strand replication promoters. The reason for this could be that in an internal context the promoters are less accessible to the TBSV vRdRp due to confinement in a putative double-stranded RNA replication intermediate and/ or that the vRdRp has a strong 3 0 -end dependence. Regardless, these results point to a close mechanistic link between sg mRNA transcription and the ( þ )-strand synthesis step of genome replication.
Collectively, these and previous results can be readily integrated into a PT model for sg mRNA2 transcription ( Figure 9A ). In this process, formation of the AS2-containing stem-loop positions AS2 within its terminal loop and facilitates its binding to RS2. The DE-A/CE-A interaction aids in this process by bringing the AS2 and RS2 sequences into close proximity. The DE-B/CE-B interaction helps to stabilize the DE-A/CE-A interaction and DE-C assists passively by not competing for RS2. Following formation of the AS2/RS2 helix, it may be stabilized further by coaxial stacking with the DE-A/CE-A helix. The AS2/RS2 helix serves as the major secondary structure-dependent RNA termination signal for the vRdRp, and the sg mRNA2(À) template generated is used subsequently for sg mRNA2 transcription via initiation at the 3 0 -terminal promoter (PSG). Sg mRNA1 transcription is also thought to occur via a similar mechanism that involves the essential AS1/RS1 interaction ( Figure 9A ).
Possible roles for the wt long-distance RNA-RNA interactions A fascinating aspect of the regulatory RNA elements involved is their location throughout the TBSV genome. Although not essential for function, this dispersed organization has been selected over time by nature based on performance. A network of long-distance interactions could offer certain advantages, such as (i) providing a more efficient system for sg mRNA transcription, (ii) allowing for better regulation of transcription and/or (iii) facilitating and/or coordinating additional viral processes. For TBSV sg mRNA2, the hairpin-based elements mediated transcription less efficiently than the wt long-distance interactions. Also, the hairpin elements caused a delay in early expression of sg mRNA2 (and also of other viral mRNAs). These highly reproducible differences, although subtle, could have significant effects on virus fitness in nature. Indeed, the early and efficient transcription of sg mRNA2 is probably beneficial to infections by facilitating rapid suppression of gene silencing by the encoded p19 and swift invasion of neighboring cells by p22.
It is also interesting to note that the more 5 0 -proximal location of AS1 and AS2 places the initial production of sg mRNA(À) templates strictly under genomic control (as neither sg mRNAs contain AS1 or AS2) ( Figure 1B) . Thus, even if the sg mRNAs are amplified further in a manner independent of the genomic template (i.e. sg mRNA replication, as shown for Flock house virus; Eckerle et al, 2003) , the (White and Morris, 1995) . See text for details.
genome would still maintain absolute control of the launching of primary sg mRNA transcripts. This may be an important feature for proper regulation of the viral proteins expressed from these sg mRNAs.
The PT model in comparison with other transcriptional mechanisms and RNA recombination
The PT model is distinct from the internal initiation model in which a full-length genomic (À)-strand is used as the template for sg mRNA transcription (Miller et al, 1985) . In the latter case, the vRdRp initiates transcription internally in a genomic (À)-strand template and, in some cases, the promoters utilized contain a functionally important RNA hairpin (Haasnoot et al, 2000) . Interestingly, the hairpin-containing sg mRNA promoters of Brome mosaic virus and Alfalfa mosaic virus are similar in structure to their respective genomic promoters for (À)-strand RNA synthesis, and these two different types of promoter are functionally interchangeable (Joost Haasnoot et al, 2002; Olsthoorn et al, 2004; Sivakumaran et al, 2004) . In contrast, we have shown that the TBSV sg mRNA2 promoter is structurally similar and functionally equivalent to its respective genomic promoter for ( þ )-strand synthesis. Additionally, the TBSV promoter lacks a hairpin constituent and does not operate well from internal positions.
The PT model proposed for sg mRNA2 is instead more mechanistically similar to the DTS model, shown to operate in arteriviruses (van Marle et al, 1999) . In the DTS model, the vRdRp stalls during (À)-strand synthesis on a genome template and then transposes itself (along with its nascent RNA strand) to a more 5 0 -proximal site, where it proceeds to copy a section of the 5 0 UTR (Sawicki and Sawicki, 1998). The hybrid (À)-strand formed by covalent joining of noncontiguous 5 0 -and 3 0 -terminal segments is then used for transcription of sg mRNAs ( Figure 9B ). The stalling step in the DTS model (i.e. just prior to vRdRp transposition) is comparable to the termination step in the PT model (compare Figure 9A and B).
Intriguingly, an RNA hairpin has been implicated in the stalling step of a proposed DTS mechanism of transcription for sg mRNA 2 of the torovirus Berne virus (BEV) (van Vliet et al, 2002) (Figure 9B ). The RNA hairpin in the BEV genome maps immediately upstream of the 3 0 junction site in BEV sg mRNA 2; thus, it has been suggested that this hairpin could facilitate the transposition step in the proposed DTS model (van Vliet et al, 2002) (Figure 9B ). The BEV hairpin may function in a manner similar to the AS2/RS2 helix in the TBSV genome; therefore, local and long-distance RNA secondary structures may act in DTS and PT mechanisms, respectively, to mediate vRdRp stalling that leads to either transposition or termination. The functional equivalence of local and long-distance RNA secondary structures in mediating vRdRp stalling/termination is well supported by the data in this article. Additionally, the proposed transposition-promoting activity of RNA secondary structure is corroborated by previous studies that showed that stable RNA hairpins can promote vRdRp-mediated recombination events in TBSV (White and Morris, 1995) (Figure 9C ). It is interesting to note that, mechanistically, the hairpin-mediated recombination event reported previously for TBSV is the intermolecular equivalent of the hairpin-mediated DTS transcriptional mechanism proposed for BEV (compare Figure 9B and C) . The inter-relatedness and mechanistic similarities of these processes point to a common role for RNA secondary structure in defining RNA termini and junction sites in transcriptional and recombinational events through modulation of vRdRp activity.
Materials and methods
Plasmid construction
All clones used in this study were generated using the previously described constructs: T100, the wt TBSV genome construct (Hearne et al, 1990) , Psg20/26 and Psg2-27, modified genomic clones (Zhang et al, 1999) , and DI-72SXP (for simplicity, termed DI-72 in this work), a prototypical TBSV DI RNA (Wu et al, 2001) . The detailed structures of the modifications introduced into these different base constructs are presented in the respective figures, an exception being HL47 and HL49, where additional substitutions were made more 3 0 in these DI RNAs to maintain an essential helix (stem 1) in the 5 0 -terminal T-shaped RNA domain (Wu et al, 2001 ). All modifications were introduced using PCR-based mutagenesis and standard cloning techniques (Sambrook et al, 1989) . PCRderived regions introduced into constructs were sequenced completely to ensure that only the intended modifications were present.
In vitro transcription, protoplast inoculation and RNA isolation
In vitro RNA transcripts of genomic and DI RNAs were generated using T7 RNA polymerase as described previously . Preparation and inoculation of cucumber protoplasts and extraction of total nucleic acids were carried out as before (Choi and White, 2002) . Briefly, isolated cucumber protoplasts (B300 000) were inoculated with RNA transcripts (3 mg for genomic RNA and 1 mg for DI RNA). Inoculated protoplasts were incubated at 221C, except for HL69, HL65, HL65-A, -B and -C ( Figure 7A ), HL84, HL89 and HL89-A, -B and -C ( Figure 8E ), which were incubated at 191C. Total nucleic acids or gel-purified viral RNA were isolated and analyzed as described below.
Viral RNA analysis
Total nucleic acid preparations isolated from virus-inoculated protoplasts were subjected to Northern blot analysis for detection of ( þ )-and (À)-strand viral RNAs as described previously (Choi and White, 2002) . Nucleic acids were either treated with glyoxal and separated in 1.4% agarose gels or denatured in formamidecontaining buffer and separated in 4.5% polyacrylamide-8% urea gels. Equal loading of lanes was confirmed prior to transfer via staining the gels with ethidium bromide. Following electrophoretic transfer to nylon membranes, viral RNAs were detected using 32 P-labeled DNA oligonucleotide probes or RNA riboprobe and their relative levels were determined by radioanalytical scanning of blots (Choi and White, 2002) .
Primer-extension analysis of RNA-SL5 in total nucleic acid preparations or from gel-purified RNA was performed as described previously . The products of the reaction and sequencing ladder were separated in an 8% polyacrylamide-8% urea gel.
Cloning and sequencing of the 3 0 termini of sg mRNA2(À) strands were accomplished by ligation of phosphorylated oligonucleotides with RNA ligase, reverse-transcription-PCR amplification of the cDNA, and subsequent cloning and sequencing (Liu and Gorovsky, 1993) .
RNA structures were predicted and free energy changes calculated using mfold version 3.0 Zuker et al, 1999) .
